Introduction: Electronic beam steering is an important component of many telecommunications and radar systems. There are few techniques however to achieve steering over frequency ranges from 10 to 140 GHz, especially at high powers. Conventional phased arrays can have high insertion losses, become complex at high frequencies and suffer from mutual coupling. Plasma-based lenses could offer a viable alternative because plasma has high operating frequency and transmitted power limits. In this Letter we present measurements of the steering properties of such a lens.
Background: The optical properties of ionised gases (plasmas) depend on the relationship of the propagating wave frequency o to the electron plasma frequency o pe , where the plasma frequency is given by
n e is the plasma electron density, e the electron charge, m e the electron mass and E 0 is the permittivity of free space. In the simplest case of an unmagnetised plasma, the relative dielectric constant is independent of polarisation and is given by
In such a plasma, electromagnetic waves with o < o pe are cut-off (reflected). This principle has been used to make plasma mirrors for microwaves [1] and plasma dipole antennas for HF-UHF transmission and reception [2] . In the limit of o=o pe ! 1, waves are transmitted essentially without refraction. However, when o=o pe $ 1-3, waves propagating obliquely to a density gradient pass through a region of gradient in the refractive index and are thus deflected, with the degree of deflection depending on the density. Interestingly for these conditions, the refractive index in the plasma is less than unity and the wavelength is larger than in vacuo.
Experiment: Experimental measurements of microwave beam deflection were performed using BASIL (basic ion laser), a linear magnetised plasma apparatus [3] that provides a high density plasma column and a pyrex glass vessel for microwave access. The basic arrangement for the experiment is shown in Fig. 1 . BASIL was originally constructed for helicon wave driven argon ion laser experiments. The BASIL vacuum chamber is a pyrex tube with a transition from a 50 to 100 mm diameter. The tube is surrounded by magnetic field coils to allow formation of the plasma by the excitation of helicon waves [3] . A double saddle magnetic loop antenna for excitation of the helicon wave [3] is mounted on the narrow part of the tube. The BASIL plasma has been well characterised using a variety of probe measurements [3] , and the device can be reliably used to produce plasma conditions in its operating range by adjustment of its working gas pressure and input power. Using argon gas at a pressure of 2 microbar, approximately 1 kW of drive power at 13.56 MHz, and a 30 Gauss ( ¼ 3 millitesla) magnetic field, a peak plasma density of 5-10 Â 10 18 m À3 is produced. Microwaves with f ¼ 36 GHz from a 100 mW IMPATT diode source are launched through a 25 Â 32 mm, 3 dB horn to an entry point 22 mm off the tube's axis through the wider (100 mm diameter) part of the tube. This offset ensures that the microwave beam is directed through the plasma gradient at an angle. The microwaves are detected using a 20 Â 35 mm horn feeding a point-contact diode (sensitive to <1 mW). The small magnetic field ($3 millitesla) in the device allows plasma Fig. 2 shows the experimental results for deflection with and without plasma. The lower pattern in the absence of plasma is that of an undeflected beam. The upper pattern is that of a beam deflected by plasma. Note the excellent collimation of the deflected beam; the deflected beam is not splayed in angle. This is the most important result of these measurements and indicates that a plasma-based lens can provide a beam that is sufficiently collimated for practical applications. To understand this important result, we performed ray tracing calculations using a parabolic density profile. The actual nature of the profile was not too critical so long as it was non-uniform and a monotonically decreasing function of radius as is often the case for a confined plasma. The simulations indicated that the portion of the beam in the high density region closest to the axis was deflected more than that closer to the plasma periphery, thus leading to a focusing of the beam.
There are some potential issues. An approximate upper bound on the insertion loss of the lens can be obtained by integrating the power flux density (signal squared) over the beam cross-section for the deflected and undeflected beams. The value of insertion loss obtained by this nethod is ' 2 dB. Since the absorption by the plasma itself at 36 GHz is expected to be small (there are no plasma resonances in this experiment), we conclude that the insertion losses result from diffraction losses, stray reflections, and other losses in the coupling of the microwaves from the horn through the curved glass surface of the vacuum vessel. One therefore needs to be more careful about the coupling problem of microwaves through glass. High power microwave plasma heating experiments are already a reality in plasma fusion research, so that the general coupling design is not really an issue. Secondly, the use of plasma suggests that density instabilities could lead to fluctuations in the optical thickness of the plasma. As a result, phase noise could be an issue in radar and communications applications.
Finally, the experiment as described can only deflect in one direction and requires an electromagnet to produce a magnetic field. Both these disadvantages are easily obviated. Fig. 3 shows a more practical implementation of the lens capable of positive and negative beam deflections. At the top is a shielded enclosure that houses a pair of adjacent antennas and matching networks. The antennas each form separate vertical plasma columns which run either side of the vertical axis of the chamber. The lens operates at about 36 GHz with a vessel diameter of 150 mm and height 120 mm. In the photo the left antenna is under excitation and the plasma column is visible on the left side of the chamber axis. The microwave horn is located at the rear in the centre and launches its beam out of the plane of the page. By locating the plasma off axis towards the left, the beam is deflected towards the right in the equatorial plane. If the plasma column is produced on the right then the beam is deflected towards the left. This prototype also demonstrates that a helicon wave produced plasma may be supported by bar magnets (shown at the bottom), thus eliminating the need for the electromagnet. Conclusion: The plasma lens concept has been demonstrated to deflect a 36 GHz microwave beam by ' 25 without radically changing its shape or introducing significant sidelobes. The insertion losses appear to be controllable. Phase noise needs to be examined further, particularly with regard to possible radar applications. Such lenses are modular and could be retrofitted to existing horn structures to add angular scanning capability. Plasma lens systems for frequencies >100 GHz could be of particular interest because of the potential to make them fairly small in size. 
